Sex combs reduced
Introduction
Almost all animals that have bilateral symmetry display a diversity of morphological features along the anterior-posterior (AP) axis. One group of genes at the apex of the hierarchy of axial morphology determination is the Hox genes, which encode homeodomain containing transcription factors that are conserved in nearly every bilateral animal that has been studied. Each Hox gene is expressed in specific domains along the AP axis and their mutation causes morphological defects, including homeotic transformation, in discrete regions along the AP axis. Thus, one evolutionarily conserved function of Hox genes is to select one AP axial identity over another (for reviews, see McGinnis and Krumlauf, 1992; Pearson et al., 2005) .
Each region contains morphological characteristics specific to that region as well as some that are shared by several different regions. The identity of each region is thus determined by the combination of both characteristics. The mechanism by which one Hox gene regulates morphological characteristics specific to one region has been studied extensively. how different Hox genes achieve the same characteristics in different regions has been overlooked in the past. This may partly be due to the implicit idea that Hox gene function is a modification of a developmental ground state that is otherwise common to all regions and, thus, region-non-specific characteristics are independent of the Hox gene function.
In order to elucidate whether Hox genes are engaged in the specification of characteristics shared by several segments and how different Hox genes control them in different segments, we focused on sternopleural bristle formation in Drosophila melanogaster. The identities of prothoracic (T1), mesothoracic (T2) and metathoracic (T3) segments of Drosophila are thought to be determined by three Hox genes: Sex combs reduced (Scr), Antennapedia (Antp) and Ultrabithorax (Ubx), respectively (Lewis, 1963; Kaufman et al., 1980; Struhl, 1982) . Sternopleural bristles are characteristic of the T2 segment and are formed stereotypically on the preepisternum, the body wall just proximal to the T2 leg, from cells within the dorsal-proximal region of the T2 leg disc. This group of bristles is absent from the neighboring T1 and T3 segments. Previous analyses have indicated that the absence of sternopleural bristles depends on Scr activity in the T1 segment and on Ubx activity in the T3 segment (Lindsley and Grell, 1968; Rozowski and Akam, 2002) . However, the mechanism by which Scr and Ubx block sternopleural bristle formation in the T1 and T3 segments, respectively, remains to be elucidated. Thus, sternopleural bristle formation appears to be a good model system to investigate the nature of Hox gene action in the creation of the same morphological characteristics in different segments.
In this report, we show that Scr and Ubx inhibit sternopleural bristle formation by different mechanisms. In the dorsalproximal region of the leg discs, Scr, Antp and Ubx were expressed specifically in the T1, T2 and T3 segments, respectively. Mosaic experiments indicated that Antp is repressed in the T1 and T3 discs by Scr and Ubx, while the absence of Scr and Ubx expression in the T2 leg disc is independent of Antp activity. These observations might imply that the ground state is the absence of sternopleural bristles and that Scr and Ubx simply act to return the state to the ground state by repressing Antp expression. However, the occurrence of sternopleural bristle formation by cells lacking Antp activity suggested that the absence of sternopleural bristles may not be the ground state and that sternopleural bristle formation is blocked through mechanism other than Antp repression. We found that spineless (ss), a gene encoding a bHLH-PAS protein (Duncan et al., 1998) , is essential for sternopleural bristle formation. ss expression was observed in the T2 and T3 leg discs but not in the T1 leg disc. Analysis of the regulatory relationship between three Hox genes and ss showed that ss is repressed by Scr in the T1 leg disc. Importantly, sole misexpression of ss could induce ectopic sternopleural bristle formation in the T1 segment irrespective of Scr expression there. Thus, ss repression appears to be a key step for the inhibition of sternopleural bristle formation by Scr in the T1 segment. On the contrary, ss expression in the T3 leg disc appeared to be independent of Ubx activity, indicating that Ubx blocks sternopleural bristle formation through mechanisms other than ss repression. Therefore, Scr and Ubx employ different mechanisms to control the same characteristics, the absence of sternopleural bristles in this case. Our findings indicate that characteristics shared by several different regions can be achieved by the modification of the ground state by each Hox gene in different ways.
Results

Development of sternopleural bristles
Sternopleural bristles are formed stereotypically on the preepisternum, the body wall just proximal to the T2 leg ( Fig. 1A and A  0 ). This group of bristles is absent from the neighboring T1 and T3 segments (Fig. 1A , A 00 , A 000 ). Each sensory bristle is derived from the sensory organ precursor (SOP) that is singled out from cells in the proneural cluster, which is determined by the expression of proneural genes, such as achaete (ac) and scute (sc) (Hartenstein and Posakony, 1989; Romani et al., 1989; Cubas et al., 1991; . In the dorsal-proximal region of the T2 leg disc, from which sternopleural bristles are derived, Ac expression was first detected by antibody staining in the mid third instar stage in a cluster of cells that presumably corresponds to the proneural cluster for sternopleural bristles (Fig. 1B-C  0 ) . Subsequently, the Ac-expressing cluster gradually enlarged ( Fig. 1D ) and Ac expression persisted at least until the early pupal stage, the latest stage that we examined (Fig. 1E ).
Inhibition of sternopleural bristle development by Scr and Ubx at the level of proneural gene expression
In contrast to the T2 leg disc, no Ac expression was observed in the dorsal-proximal region of the T1 and T3 leg discs ( Fig. 2A and B), indicating that the absence of sternopleural bristles from the T1 and T3 segments stem from the inhibition of proneural gene expression. It has been suggested, however, that the proneural cluster for sternopleural bristle formation begins to form in the T3 leg disc at mid to late third instar but disappears at later stages (Rozowski and Akam, 2002) . The discrepancy between this observation and ours may stem from differences in the nature of the markers used. The previous study monitored the expression of scabrous (sca), a target of the proneural gene, using GFP expression driven by scabrous-GAL4 (sca-GAL4), while we examined ac expression by antibody staining. The GAL4-UAS system generally drives gene expression at much higher levels than those found endogenously, and this may have led to the observation of a presumably very weak, transient promoter activity of sca. Indeed, we failed to detect any corresponding signals in the T3 leg disc by antibody staining using an anti-Sca antibody (data not shown). Alternatively, ac might be expressed transiently during a very short period of time so that we might have missed detecting it, while GFP expression driven by sca-GAL4 might persist for longer times than ac, enabling its detection. Taken together, we concluded that the absence of sternopleural bristles from the T1 and T3 segments may stem from the inability to express proneural genes at levels or for the duration required for the proneural cluster to be stably formed.
In both Scr mutant clones in the T1 leg disc and those of Ubx in the T3 leg disc, Ac expression was observed cell-auton-omously in mutant cells in the region equivalent to the proneural cluster for sternopleural bristles in the T2 leg disc (Fig. 2C-D 0 ). These observations are consistent with the idea that both Scr and Ubx repress proneural gene expression to inhibit sternopleural bristle formation in the T1 and T3 segments, respectively. 
2.3.
Expression of Scr, Ubx and Antp in the dorsalproximal region of the leg discs and the regulatory relationship between them
In order to understand the mechanism of controlling sternopleural bristle formation by Hox genes, it is important to determine their expression patterns and the regulatory interactions between them. We examined the expression of Scr, Ubx and Antp in the dorsal-proximal regions of leg discs by antibody staining. Scr, Antp and Ubx expression was observed specifically in the wild-type T1, T2 and T3 leg discs, respectively ( Fig. 3A-C 00 ). Antp expression was also found to occur ectopically in Scr mutant clones of the T1 discs and Ubx mutant clones of the T3 discs ( Fig. 3D and E). In contrast, no ectopic expression of Scr and Ubx was detected in Antp mutant clones in the T2 leg disc (Fig. 3F and G) . Taken together, these results indicate that Antp has the potential to be expressed in all of the leg discs but is repressed in the T1 and T3 leg discs by Scr and Ubx, respectively, while Antp appears to be dispensable for the absence of Scr and Ubx expression from the T2 leg disc.
Partial requirement of Antp in sternopleural bristle formation
Since both Scr and Ubx repress Antp and ac expression, the following simple idea might be assumed: the absence of sternopleural bristles is the ground state and Antp modifies it to (Fig. 2E ). Furthermore, considerable levels of Ac expression were observed in a significant fraction of Antp mutant clones in the T2 leg discs at the late third instar ( Fig. 2F ; 11/37 clones). There was no detectable correlation between mutant clone sizes, which may reflect the timing of clone induction, and the ability of Antp mutant cells to express Ac (data not shown). In addition, clones were induced at roughly the same stages. Thus, variability in Ac expression does not seem to be attributable to the difference in the timing of clone induction and the cause of the variability is unknown at present. Nonetheless, these surprising results indicate that Antp is not necessarily essential for ac activation and sternopleural bristle formation, although Antp plays some role in normal ac activation and sternopleural bristle formation. As described above (see Fig. 3F and G), Scr and Ubx were not expressed in Antp mutant clones and, thus, the phenotype observed in this experiment appears to correspond to the Hox-free ground state. Therefore, the absence of sternopleural bristles from the T1 and T3 segments does not appear to be the ground state and cannot be explained simply by Antp repression by Scr and Ubx. There must be downstream components of Scr and Ubx other than Antp.
Involvement of ss and al in sternopleural bristle formation
Mutations in the downstream components of Scr and Ubx are expected to cause the loss of sternopleural bristles. Interestingly, we found that a null mutant of ss completely lacks sternopleural bristles (Fig. 4A) . ss mRNA has been reported to be expressed strongly in the dorsal-proximal region of the leg disc in the late third instar (Duncan et al., 1998) . In addition, it has been reported that sternopleural bristles are completely missing in strong hypomorphic mutants of a homeobox gene, aristaless (al), which is expressed in several partial rings along the proximodistal axis including the region contributing to the adult body wall (Schneitz et al., 1993; Campbell et al., 1993) . These observations indicate that ss and al are both essential for sternopleural bristle formation.
Antibody staining revealed that Ss was expressed in the dorsal-proximal region of the T2 and T3 leg discs but not of the T1 leg disc (Fig. 4E-E 00 ). In the T2 leg disc, Ss expression was first detected in the mid third instar ( Fig. 4B and C) , when Ac expression becomes detectable (see Fig. 1B -C 0 ), and persisted at least until the early pupal stage (Fig. 4D) . Al was expressed similarly in all of the leg discs ( Fig. 4F- In ss mutant clones in the dorsal-proximal region of the T2 leg disc, relatively weak but significant levels of Al expression were ectopically observed ( Fig. 4H and H 0 ). In flip-out clones misexpressing ss at higher levels than that of the endogenous expression (see Section 4), Al expression was greatly reduced in all of the leg discs ( Fig. 4I and I 0 and data not shown). These results indicate that ss negatively regulates al expression and is involved in the determination of the proximal limit of the al expression domain. In contrast, no appreciable alteration in Ss expression was observed in al mutant clones ( Fig. 4J and J 0 ) or in cells misexpressing al under the control of ptc-GAL4
( Fig. 4K and K 0 , arrowhead). Thus, the distal limit of ss expression may be determined by a mechanism independent of al.
In the dorsal-proximal region of the ss mutant T2 leg disc, only very weak Ac expression was observed in one or a few cells during the mid to late third instar ( Fig. 5A and B) and this weak expression disappeared by the early pupal stage (Fig.  5C ). Moreover, a great reduction in Ac expression was observed cell-autonomously in ss mutant clones ( Fig. 5D and D 0 ). In addition, virtually no Ac expression was observed in the al mutant T2 leg disc at any stages we examined ( Fig. 5E and data not shown). These results indicate that ac expression for sternopleural bristle formation requires the function of both ss and al and is thereby restricted to the overlap between their expression domains. Although residual ac expression could be observed in the ss mutant leg disc at early stages, its weakness indicates the requirement of ss for the initiation of ac expression as well as its maintenance. The requirement of al for sternopleural bristle formation and the repressive activity of ss on al expression (see Fig.  4H -I 0 ) imply that ss-overexpression might inhibit sternopleural bristle formation. Indeed, we observed the occasional loss of sternopleural bristles in adult flies with ss-misexpressing clones, although whether or not the missing bristles misexpress ss could not be determined since the clones were marked by the bristle color mutation, yellow (see Section 4). Furthermore, strong misexpression of ss along the anteriorposterior compartment boundary under the control of blk-GAL4 repressed the expression of Al and Ac as well as sternopleural bristle formation (data not shown).
Differences between Scr and Ubx action in inhibiting sternopleural bristle formation
Since al is expressed similarly in the leg discs of all of the thoracic segments (see Fig. 4F-F 00 ), al should not be related to the absence of sternopleural bristles from the T1 and T3 segments. On the other hand, Ss expression was absent from the dorsal-proximal region of the T1 leg disc (see Fig. 4E ), implying a possible relationship between regulation of ss expression and the inhibition of sternopleural bristles in the T1 segment by Scr. In the T1 leg disc, ectopic expression of Ss was observed in Scr mutant clones ( Fig. 6A and A  0 ). In contrast, Ss expression was absent or greatly reduced in the T2 leg disc of Scr W , a dominant mutation with ectopic Scr activity in the T2 leg disc (Fig. 6B , see Section 4). As expected, Ac expression was also undetectable or greatly reduced in the T2 leg disc of Scr W (Fig. 6B  0 ) . These results indicate that ss expression is repressed by Scr in the T1 leg disc. In the Scr W leg disc, Antp expression was also absent or greatly reduced (Fig. 6B  00 ) as expected from the analysis of Scr mutant clones described above (see Fig. 3D ), confirming that Antp expression is repressed by Scr in the T1 leg disc. However, the fact that sternopleural bristles were formed in the absence of Antp activity (see Fig. 2E ) but never in the ss mutant (see Fig. 4A ) may indicate that ss repression is much more critical for Scr-dependent inhibition of sternopleural bristle formation in the T1 segment. We further corroborated this by examining the effects of the misexpression of ss and Antp in the T1 leg disc. Since high levels of ss misexpression down-regulate al expression in the T1 leg disc (data not shown) as well as in the T2 leg disc (see Fig. 4I and I 0 ), we examined the effect of ss misexpression at levels comparable to endogenous levels (see Section 4). In this condition, Al expression was unchanged or only slightly reduced in both T1 and T2 leg discs ( Fig. 7A and A 00 and data not shown). We found that Ac expression was ectopically induced in the ss-misexpressing clones ( Fig. 7A and A 000 ). In adult flies containing these ss-misexpressing clones, ectopic formation of sternopleural bristles, which always consisted of ss-misexpressing cells (n = 18), was observed on the T1 segment (Fig.  7B, arrow) . Surprisingly, weak but considerable levels of Antp expression were also ectopically observed in the ss-misexpressing clones ( Fig. 7C and C 0 , arrow).
Although there was no alteration in Antp expression in ss mutant clones in the T2 leg disc (Fig. 7D and D 0 ) and accordingly, ss seems to be dispensable for Antp expression, the above finding means that all of the components we found to be involved in ac expression and sternopleural bristle formation (al, Antp and ss) are set up by sole misexpression of ss. Furthermore, Scr expression remained virtually unchanged in the ss-misexpressing clones ( Fig. 7E and E 0 ), indicating that ss can activate ac and Antp expression and induce sternopleural bristle formation in the T1 leg disc even if there is Scr expression. In the case of Antp misexpression, the misexpression levels of Antp were higher than endogenous levels even in the mildest experimental conditions (see Section 4). Despite this, Antp misexpression failed to induce ectopic Ac expression as well as ectopic Ss expression ( Fig.  7F-F  00 ). In addition, Ss expression was unaltered in Antp mutant clones in the T2 leg disc (Fig. 7G and G 0 ). Thus, Antp appears to be unrelated to ss expression and insufficient for ac induction. It may follow that repression of ss is much more critical than that of Antp for inhibition of sternopleural bristle formation by Scr in the T1 segment. In contrast to the T1 leg disc, regulation of ss expression appears to have no relation to the absence of sternopleural bristles from the T3 segment, since ss is strongly expressed in the T3 leg disc (see Fig. 4E 00 ). Indeed, virtually no alteration in Ss expression was observed in Ubx mutant clones in the T3 leg disc ( Fig. 8A and A 0 ). Thus, Ubx inhibits sternopleural bristle formation by a mechanism that does not involve ss repression. In Ubx misexpression experiments, levels of Ubx were much higher than endogenous levels even in our mildest experimental conditions (see Section 4), and Ss expression was repressed in both the T2 and T3 leg discs (data not shown). Consequently, we could not confirm whether Ubx misexpression could repress ac expression even in the presence of ss expression, although Ac expression was repressed in these clones ( Fig. 8B and B  0 ).
In addition, since Antp misexpression also failed to induce ectopic Ac expression in the T3 leg disc (Fig. 8C and C 0 ), inhibition of ac expression in the T3 leg disc cannot be explained simply by Antp repression by Ubx. Taken together, the above results show that Scr and Ubx appear to regulate the same characteristic, the absence of sternopleural bristles, in the T1 and T3 segments, respectively, through different mechanisms.
Discussion
Hox genes preside over the control of morphological diversification along the AP body axis. The mechanism by which a Unaltered expression of Ss (magenta) in an Antp NS+RC3 clone. The clone was marked by the lack of GFP (green) or outlined.
single Hox gene can regulate morphological characteristics specific to one segment has been studied extensively, but whether different Hox genes regulate the same characteristic in different segments by the same or different mechanisms has not been well addressed. In the present study, we found that ss, al and Antp are involved in sternopleural bristle formation in the T2 segment. Among them, ss repression by Scr appears to be critical for the inhibition of sternopleural bristle formation in the T1 segment. In the T3 segment, Ubx seems to act through another mechanism independent of ss regulation. Thus, Scr and Ubx appear to block sternopleural bristle formation through different mechanisms.
Requirement of Antp, ss and al for sternopleural bristle formation
In this study, we found that three genes, Antp, ss and al, are involved in sternopleural bristle formation. In the al mutant, no appreciable Ac expression in the T2 leg disc was detected (Fig. 5E ) and sternopleural bristles were not formed , indicating that the requirement of al is absolute. In contrast, Ac expression was detectable in the ss mutant T2 leg disc (Fig. 5A and B) and in the Antp mutant clones (Fig. 2F) , indicating that the requirement of both ss and Antp for ac expression is not absolute. However, sternopleural bristles were never found in the ss mutant (Fig. 4A) , despite the fact that Antp expression was unaffected in the ss mutant clone in the T2 leg disc (Fig. 7D and D  0 ) . On the other hand, Antp mutant cells, in which ss was expressed normally (Fig. 7G and G 0 ), could form sternopleural bristles (Fig. 2E ). In addition, sole misexpression of ss in the T1 segment could produce sternopleural bristles ectopically (Fig. 7B) , while that of Antp could not (data not shown). Therefore, ss appears to be necessary and sufficient for sternopleural bristle formation, while Antp appears to be insufficient and not necessarily required. Moreover, Ac expression was ectopically induced in the T1 leg disc by misexpression of ss but not of Antp (Fig. 7A , A 000 , F, F 0 ) and that in the ss mutant T2 leg disc was very weak, highly restricted, and only transient (Fig. 5A-D  0 ). This indicates that ss but not Antp appears to be one of the major activators of ac expression. Taken together, ss appears to be much more fundamental for sternopleural bristle formation than Antp.
The initiation of ac expression coincides with the initiation of ss expression. Since al and Antp are already expressed before ac induction in the early third instar stage (Pueyo et al., 2000; Casares and Mann, 1998 ; data not shown), the timing of ac induction may be determined by the regulation of ss expression. Interestingly, the residual Ac expression seen in the ss mutant leg disc was first observed in the mid third instar as in the wild-type leg disc (Figs. 1C 0 and 5A). This implies that at least one additional gene (referred to as X hereafter), whose expression or function is activated at the same stage as the initiation of ss expression, may be involved in ac induction. One possibility may be a gene functioning in hormonal regulation. Nonetheless, the ability of the sole misexpression of ss to induce ectopic ac expression and sternopleural bristle formation strongly indicates that ss is much more fundamental than X.
Determination of the overlapping domain of ss and al expression
The restriction of ac expression to the overlap between the ss and al expression domains indicates the importance of determining the distal limit of ss expression and the proximal limit of al expression. Analysis of clones lacking ss activity ( Fig. 4H and H 0 ) or misexpressing ss ( Fig. 4I and I 0 ) indicates that ss has a repressive activity on al expression. How can al be expressed in the overlap domain? In the overlap domain, ss repressed al expression when misexpressed at high levels ( Fig. 4I and I 0 ) but did not when misexpressed at approximately endogenous levels ( Fig. 7A and A  00 ). The level of ectopic Al expression in the ss mutant clone located in a region proximal to the normal al expression domain was lower than that of endogenous Al expression ( Fig. 4H and H  0 ) . Moreover, Al expression in the wild-type leg disc gradually decayed at its proximal edges (Fig. 4G  00 00 ). Considering all of these observations, the following hypothesis is suggested: al expression is activated according to the proximodistal information and the proximal limit of the al expression domain may be determined by a balance between activation according to the proximodistal information and repression by ss. The activation force may dominate the repressive activity of ss in the overlapping region but may gradually decay towards the proximal edges of the al expression domain. In contrast, ss expression does not appear to be regulated by al (see Fig. 4J -K 0 ). As with the case of al activation, it may be possible that ss is repressed according to the proximodistal information. Clones are marked by GFP expression (green).
3.3.
The mechanism of suppression of sternopleural bristle formation by Scr in the T1 segment and by Ubx in the T3 segment
The morphological identities of the T1 and T3 segments, including the absence of sternopleural bristles, are determined by Scr and Ubx, respectively (Lewis, 1963; Lindsley and Grell, 1968; Kaufman et al., 1980; Struhl, 1982; Rozowski and Akam, 2002) . Analyses of the T1 leg disc with Scr mutant clones (Figs. 3D and 6A , A 0 ) and the T2 leg disc with ectopic Scr activity ( Fig. 6B and B 00 ) indicate that both ss and Antp are repressed by Scr in the T1 leg disc. In addition, there is a possibility that the expression or function of gene X (see above) is repressed by Scr. Weak Ac expression was transiently observed in the ss mutant T2 leg disc ( Fig.  5A and B) , indicating that ac expression can be weakly activated without ss activity in the presence of gene X and Antp activity. In addition, Scr does not appear to repress ac expression directly, since ectopic induction of ac by ss misexpression in the T1 leg disc was not associated with an alteration in Scr expression (see Fig. 7 ). If gene X is active in the T1 leg disc, sole misexpression of Antp is expected to activate ac expression at least weakly and transiently. However, we found no ectopic Ac expression upon sole misexpression of Antp ( Fig.  7F and F 0 ). Therefore, the activity of gene X is likely to be repressed in the T1 leg disc. For evaluating the significance of these three genes on Scr-dependent inhibition of sternopleural bristle formation, the ability of ss misexpression to induce ectopic ac expression and sternopleural bristle formation without affecting Scr expression (see Fig. 7A , A 00 0 , B, E, E 0 ) is of crucial importance. At present, whether ac expression and sternopleural bristle formation can be induced solely by ss or only in a combination of ss and Antp and/or gene X is unclear. However, ss misexpression induced Antp expression and, thus, at least ss and Antp were coexpressed upon sole misexpression of ss. As for gene X, if it is not activated by ss misexpression, the results indicate that ac expression and sternopleural bristle formation can be induced without gene X activity at least in the presence of both ss and Antp expression. On the other hand, if ac expression and sternopleural bristle formation require gene X activity, ss misexpression must activate gene X. After all, the results indicate that sole misexpression of ss can fulfill at least a minimum requirement for ac expression and sternopleural bristle formation. In other words, if Scr could not repress ss expression, ac expression would be activated and sternopleural bristles would be formed irrespective of the expression and function of Antp and gene X. Therefore, Scr must repress ss expression and this appears to be a key step to block sternopleural bristle formation in the T1 segment. In contrast to the T1 leg disc, strong Ss expression was observed in the wild-type T3 leg disc (Fig. 4E 00 ) and it was unaltered in Ubx mutant clones ( Fig. 8A and A  0 ) . Therefore, Ubx appears to act through a mechanism unrelated to ss expression. How does Ubx function? Simultaneous expression of both ss and Antp seemed insufficient for ac expression and sternopleural bristle formation in the T3 segment, since Antp misexpression failed to induce Ac expression in the T3 leg disc, in which ss is prominently expressed (Figs. 4E'' and 8C, C 0 ). It may be possible that Ubx represses ac expression directly. Alternatively, Ubx may compromise the function of the Ss protein directly or indirectly through regulation of its downstream gene products. Another possibility is that Ubx acts through repression of gene X activity. These possibilities are not mutually exclusive with each other.
Evolution of the functional differences between Hox genes
The occurrence of ac expression and sternopleural bristle formation in the absence of Antp activity (see Fig. 2E and F) indicates that the absence of sternopleural bristles is not the ground state. However, the number of sternopleural bristles was variable in that condition, indicating that the complete formation of sternopleural bristles is not also the ground state. Since ss misexpression experiment suggests that sternopleural bristles can be formed as long as ss is expressed, one possible aspect of the ground state may be the expression of ss and the production of at least some kind of bristles. Antp may have acquired the ability to modify this state to produce the current-type of sternopleural bristles. On the other hand, Scr may have evolved the ability to block sternopleural bristle formation by acquiring the activity to repress ss expression and Ubx by acquiring another, yet unknown function. Taken together, the current state of sternopleural bristles in all three thoracic segments appears to be the derived state.
What is an ancestral state with respect to sternopleural bristles? A Hox-free, developmental ground state in one species does not necessarily reflect an ancestral state, as exemplified in the study of Hox gene function in wing identity determination in the beetle (Tomoyasu et al., 2005) . The wing on the T2 segment of the flour beetle Tribolium castaneum is called an erytra and is thought to be a derived characteristic in the Coleopteran lineage. The T3 wing has a membranous structure and seems to maintain a more ancestral state. Interestingly, the membranous T3 wing has been shown to transform to the erytra-like wing when the activity of Utx, an ortholog of Ubx, is reduced (Tomoyasu et al., 2005) . This suggests that the erytra-type wing is most likely to be the ground state in Tribolium, despite its apparently derived form, and that Utx probably functions to preserve an ancestral mode of wing morphology in the T3 segment. Although we do not know the ancestral state of sternopleural bristles at present, the lack of them in the ss mutant may be indicative of their absence in ancestors. In this scenario, the formation of some types of bristle may have occurred through the acquisition of ss expression in a segment non-specific manner at some time during evolution. Then, Scr, Antp and Ubx may have evolved independently to modify this state to produce the current state. In addition, regulatory mechanisms of three Hox genes have also evolved independently. The unexpected observation that Antp was ectopically expressed in the ss-misexpressing clone in the T1 leg disc (Fig. 7C and C 0 ) indicates that Antp expression is under the control of ss. Since no alteration of Antp expression was observed in the ss mutant clone in the T2 leg disc (Fig. 7D and D 0 ), there is another activator of Antp expression in the T2 leg disc. In contrast, Scr and Ubx expression seem to be independent of ss, since Scr expression was resistant to the ss misexpression ( Fig. 7E 
Materials and methods
Fly strains
The flies used in this study were raised on standard medium at 25°C, unless otherwise noted. The following strains or alleles were used: Canton-S (wild-type), ss D114.9 , ss D115.7 (null mutants, Duncan et al., 1998) , al ex, al ice (null and strong hypomorphs, Campbell and Tomlinson, 1998) , Scr 13A (loss of function mutant, Struhl, 1982) , Scr W (gain of function mutant in which Scr is misexpressed in the T2 leg disc at comparable levels to endogenous expression in the T1 leg disc, ; data not shown), Ubx 1 (null mutant, Bender et al., 1983) , Antp NS+RC3 (null mutant, Struhl, 1982) , UAS-ss (Duncan et al., 1998) , UAS-al (Kojima et al., 2000) , UAS-GFP(S65T)T2, ptc-GAL4 (559.1, Hinz et al., 1994) , UAS-Antp (Ryoo and Mann, 1999) , UAS-Ubx (Ryoo and Mann, 1999) and Ay-GAL4 25 (Ito et al., 1997) . Detailed information on the strains or alleles used here is available in the FlyBase (http://www.flybase.net).
Fly genetics
Mosaic clones were induced using the FLP/FRT system (Xu and Rubin, 1993) . As sources of FLPase, eyFLP5 on the second chromosome and y w hsFLP on the X chromosome were used. eyFLP5 can induce mosaic clones in the leg disc before the third instar (Tsuji et al., 2000) . In the case of hsFLP, late-first to early-second larvae were heat-shocked for 90 min at 37°C to induce FLPase production. used. Clones misexpressing ss, Antp or Ubx were produced using the flip-out GAL4 system (Ito et al., 1997) . UAS-ss, UAS-Antp, UAS-Ubx chromosomes were combined with y w hsFLP and Ay-GAL4. Clones were induced by applying a 20 min heat-shock at 34°C to late-first to early-second instar larvae. In the misexpression experiments, we paid attention to the levels of misexpression in order to avoid artifacts not reflecting endogenous functions. Since GAL4 activity depends on temperature (the lower the temperature, the lower the GAL4 activity), misexpression levels were controlled by regulating the temperature at which flies were reared. In the case of ss, misexpression levels were comparable to the endogenous levels at 18°C and were much higher at 28°C (data not shown). In the case of Antp and Ubx, misexpression levels were apparently higher than the endogenous levels even at 16.5°C, nearly the lowest temperature at which flies can grow normally (data not shown). We also tried other GAL4 drivers, such as blk-GAL4 (Morimura et al., 1996) and tsh-GAL4 md621 (Calleja et al., 1996) , but they induced stronger misexpression than Ay-GAL4 even at 16.5°C (data not shown). The ss and al ss D114.9 /ss D115.7 and al ex /al ice heterozygous larvae, respectively.
